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A new two-stage gasifier with fixed-bed has recently been installed on CIRAD facilities in 
Montpellier. The pyrolysis and the gasifier units are removable. In order to characterise the 
pyrolysis products before their gasification, experiments were carried out, for the first time 
only with the pyrolysis unit and this paper deals with the results obtained. The biomass used 
is Pinus pinaster. The parameters investigated are: temperature, residence time and biomass 
flow rate. It has been found that increasing temperature and residence time improve the 
cracking of tars, gas production and char quality (fixed carbon rate more than 90%, volatile 
matter rate less than 4%). The increase of biomass flow rate leads to a bad char quality. 

The efficiency of tar cracking, the quality and the heating value of the charcoal and the 
gases, indicate that: temperature between 650 °C and 750 °C, residence time of 30 min, 
biomass flow rate between 10 and 15 kg/h should be the most convenient experimental 
conditions to get better results from the experimental device and from the biomass 
pyrolysis process. 

The kinetic study of charcoal generation shows that the pyrolysis process, in experimental 
conditions, is a first-order reaction. The kinetic parameters calculated are comparable with 
those found by other researchers. 

© 2008 Elsevier B.V. All rights reserved. 


Contents 


1. Introduction.76 

2. Experimental .77 

2.1. Apparatus and experimental procedure.77 

2.2. Reactor temperatures.78 

2.3. Biomass feedstock and operating parameters.78 

3. Results and discussion.79 


* Corresponding author. Tel.: +225 07 21 33 66; fax: +225 22 48 38 07. 

E-mail addresses: faswaniferd@caramail.com (W.F. Fassinou), steene@cirad.fr (L. Van de Steene). 

1 Tel: +33 4 67 61 65 22 ; fax: +33 4 67 65 15. 

2 Tel: +225 07 21 33 66; fax: +225 22 48 38 07. 

0378-3820/$ - see front matter © 2008 Elsevier B.V. All rights reserved. 
doi:10.1016/j.fuproc.2008.07.016 




















76 


FUEL PROCESSING TECHNOLOGY 90 (2009) 75-90 


3.1. Yield of pyrolysis products. 79 

3.1.1. Influence of temperature. 79 

3.1.2. Influence of residence time. 79 

3.2. Pyrolysis charcoal. 80 

3.2.1. Influence of temperature. 80 

3.2.2. Influence of biomass flow rate. 80 

3.2.3. Influence of residence time. 82 

3.3. Pyrolysis gases. 82 

3.3.1. Influence of temperature. 82 

3.3.2. Influence of residence time. 84 

3.4. Pyrolysis liquid. 84 

3.5. Pyrolysis products: energy evaluation. 85 

3.6. Kinetic study of charcoal generation. 87 

4. Conclusions. 87 

Acknowledgements. 89 

References. 89 


Nomenclature 


CNRS Centre National de la Recherche Scientifique (National Centre of Scientific Research) 

CIRAD Centre de Cooperation Internationale en Recherche Agronomique pour le developpement (French Agricultural 
Research Centre for International Development) 

E energy of activation (cal mol -1 or J mol -1 ) 

FC fixed carbon (%) 

HHV high heating value (MJ/kg) 

HV heating value (MJ/kg) 

K reaction speed constant or kinetic constant (s -1 ) 

Ko pre-exponential factor (s -1 ) 

R constant of perfect gases (8.31 J mol -1 K -1 ) 

T selected temperature (K) 

TGA Thermo gravimetric Analysis 

VM volatile matter (%) 

f-f (T, ts) fraction of maritime pine not converted to charcoal at time ts 
fo —f (T, 0) fraction of maritime pine not converted to charcoal at initial time 
m (T, 0) = m 0 mass flow rate entering (initial mass of maritime pine in kg/h) 
m (T, ts) = m outgoing mass flow rate (mass of charcoal in kg/h) 
n order of the reaction 

t time(s) 

ts residence time (s) 

oc conversion rate of the material 

p density of material at the moment t (kg/m 3 ) 

pc final density of the material (kg/m 3 ) 


1. Introduction 

Confronted to fossil fuels crises, renewable energies represent 
an alternative solution to solve the world growing energy 
consumption problem. New energies, in the majority of cases, 
have the quality to protect human environment against nega¬ 
tive effects caused by the use of oil or “black gold”. 

Biomass is one of these sources of energy whose thermo¬ 
chemical transformation generates gases, liquids and solid 


fuels. These derived products can partially replace fossil 
fuels [1] in order to produce heat, electricity and/or chemical 
products. 

Among all the procedures used to transform biomass into 
useful products, thermochemical methods such as pyrolysis 
and gasification are the most appropriate and the most com¬ 
mercially used [1]. 

Today, gases resulting from the pyrolysis and/or the gasifica¬ 
tion of the biomass may be used as fuel in fuel cells. Unfortu¬ 
nately these gases contain a strong rate of tars which reduces 
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their use. Therefore it is useful to revise their technique of 
production. Among the recommended techniques is the staged 
gasification where the pyrolysis process and the gasification one 
are carried out in different but complementary units. Hence a 
pilot staged gasification was installed on CIRAD facilities in 
Montpellier for experiments. 

The maritime pine which grows well around the Mediter¬ 
ranean Sea is used as biomass for the experiments. 

In this study, the products obtained, after a conventional 
pyrolysis, are analysed according to temperature, residence 
time and biomass flow rate. These products are gas, liquids 
(tars) and charcoal. Generally, temperature effect on pyrolig¬ 
neous products is studied. The present paper explores the 
effects of temperature as well as biomass flow rate and its 
residence time in this new kind of reactor. The results show 
that residence time influence must not be neglected even if 
temperature stays the main variable. 

The main purpose of the experiments is to study the effi¬ 
ciency of the experimental device during a pyrolysis process. A 
particular stress will be laid on the thermal cracking of pyroly¬ 
sis tars which is not enough investigated but also on the 
quality and the quantity of the charcoal and the gas produced. 
Kinetic and energetic studies were undertaken on these 
products and the results obtained are compared, if possible, 
with those obtained by other researchers. 


2. Experimental 

2.1. Apparatus and experimental procedure 

The experimental device is a two-stage gasifier. It consists of 
two principal units: the pyrolysor and the gasifier which are 
separable [2]. 

In this paper only the experiments done with the pyrolysis 
unit (Fig. 1) are presented hence the apparatus description is 
focused on it. 


Table 1 - Characteristics of each heating zone and its 
function 


No. of 
the 

zone 

Power of 
heating 

Length of 
heating 
zone 

Function of the zone 

1 

10.2 kW/400 V 
three-phase 

0.98 m 

Drying, torrefaction and 
pyrolysis beginning 

2 

10.2 kW/400 V 
three-phase 

0.98 m 

Pyrolysis 

3 

3.4 kW/230 V 
single-phase 
current 

0.45 m 

Pyrolysis. After this last 
heating zone begins the 
cooling zone 


The pyrolysis unit consists of a steel cylinder provided with 
a heating system. The cylinder is horizontal and crossed by an 
endless screw which leads the raw material from its entrance 
to its exit. 

In the lower part of the reactor’s exit, a barrel collects the 
charcoal while at its top, the off gas is drained to the post¬ 
combustion chamber. 

The experimental device is commanded by two automatic 
systems: the first is intended to programme automatically the 
biomass flow to be pyrolysed and its residence time in the 
reactor. The second commands the heating system. 

The heating system is composed of a series of heating 
resistances which surround the pyrolysor cylinder. They are 
gathered in three zones. The temperature of each zone can be 
programmed independently of that of the others. 

All experiments were carried out isothermally in a slow 
pyrolysis regime. 

In the experiments, the variables are: the biomass flow 
rate, the temperature and the residence time. 

The biomass used is the maritime pine wood chips. No gas 
carrier is used for the experiments. 

To begin an experiment, the heating system is put on and 
the experimental temperature is fixed. When the reactor 
reaches a steady regime, the biomass flow and its residence 



Fig. 1 - Experimental device. 
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time are programmed. Then the experiment starts by the 
introduction of the raw material into the unit. 

The system is built to work continuously until the exhaus¬ 
tion of the stock of biomass. 

During the experiment progress, samples of the off gas are 
continuously taken, condensed; the non-condensable fraction of 
this gas is analysed on line by a gas chromatograph (Micro-GC 
Bench CP-2003) connected to a computer. The non-condensable 
fraction is composed mainly of H 2 , CO, C0 2 , CH 4 , C 2 H 4 , C 2 H 6 , N 2> ... 
At the end of an experiment, the quantities of charcoal, gas and 
liquid collected are measured and their samples are later 
analysed. Ultimate analysis of the wood chips is done in the 
laboratories of CNRS at Vernaison (France) while all the others 
are done in CIRAD laboratories at Montpellier (France) by using 
French norm: NB 55-101 [3] and tar protocol [4,5]. 

2.2. Reactor temperatures 

The reactor is approximately 3 m long. So from the entrance to 
the exit of the pyrolysis cylinder, it is difficult to maintain a 
constant temperature because of heat transfer effects, ther¬ 
mochemical process and edge effects. 

To minimise the previous phenomena, the pyrolysis cylinder 
is divided into three areas: their characteristics and functions 
are summarised in Table 1. Ten thermocouples (K type) fixed 
along the cylinder of the reactor, allow getting temperature 


profiles during pyrolysis process. Different curves (Fig. 2) show 
that the set point temperatures are generally respected in the 
second and the third zones. The set point temperatures are 
450 °C, 550 °C, 650 °C and 750 °C for various flows of wood chips 
and residence times. These observances confirm the good 
design of the heating system and its good insulation (Fig. 2). 

The temperature profiles of Fig. 2 can be explained as follows. 
Before entering the pyrolysis unit, the biomass is at ambient 
temperature. During a short transient period, its temperature 
increases until reaching that of the pyrolysor. This sudden 
thermochemical process needs an important quantity of energy 
which makes the reactor’s temperature at the entrance decrease. 
While crossing the reactor, the temperature of the biomass rises, 
reaches its upper value and then starts to drop while moving 
towards the exit of the cylinder. These phenomena explain why 
temperature profiles are not straight lines but curves. 

2.3. Biomass feedstock and operating parameters 

The biomass used was pine wood chips delivered from 
Ardeche (France). Its scientific name is Pinus pinaster (Alton, 
1789) and it belongs to Pinacea family. 

The experiments, with this raw material on the pilot, were 
carried out by varying the biomass flow rate (10, 15, 20 kg/h), 
the residence time (15, 30, 60 min) and the temperature 
(450 °C, 550 °C, 650 °C, 750 °C). 


3 Temperature profiles along the reactor: 10kg/h-30min 


b Temperature profiles along the reactor: 15kg/h-30min 
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Fig. 2-Temperature profiles along the reactor for different biomass flow rates and residence times. 
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Table 2 - Pine wood chips characteristics 


Percentage 


Proximate analysis (on dry basis) 


Moisture content 

15% 

Volatile matter rate 

81.3% 

Fixed carbon 

18.5% 

Ashes rate 

0.2% 

High heating value 

19.3 MJ/kg 

Ultimate analysis (on dry basis) 

C 

45.28% 

H 

5.68% 

O 

42.75% 

N 

<0.30% 

S 

<0.10% 

Granulometry (average) 

Length 

30 mm 

Width 

15 mm 

Thickness 

5 mm 


Some previous works have reported that reduced particle size 
below 5 mm does not exert any influence on the pyrolysis 
process and the yield of its products [6,7]. They have shown that a 
high particle size limits heat transfers between the surface and 
the inside of the particle. According to the kind of pyrolysis unit 
(here screw pyrolysis unit), appropriate size must be chosen to 
improve pyrolysis/gasification reactions and the motions of the 
particles. These considerations led to the choice of the particle 
size given in Table 2. This size also complies with the regulation 
existing in France for wood boilers. For the experiments, it is 
taken mainly into account the fact that after the pyrolysis 
process, the charcoal obtained will be gasified in a fixed-bed 
reactor whose inner diameter is 200 mm. So if the particle size is 
too small, it causes the problem of stability of the bed. 


3. Results and discussion 

3.1. Yield of pyrolysis products 

3.1.1. Influence of temperature 

Table 3 gives data on charcoal, liquid and gas production for 
the following variables: biomass flow rate, residence time and 
temperature. 


For fixed residence time and biomass flow, the fractions of 
charcoal and liquid decrease when the percentage of gas rises 
while temperature increases. 

At 450 °C, for the same residence time, biomass flow rate 
has no influence on the gases production. At reverse, for the 
same biomass flow rate, the percentage of the gases increases 
with the growth of residence time. 

For 450, 550 and 650 °C, the percentage of liquid is, gen¬ 
erally, higher than both that of gas and charcoal except some 
particularities. 

At 750 °C, the gas yield is more important than that of the 
liquid and the charcoal. So for this temperature, the classifica¬ 
tion for the pyrolysis products is, in decreasing order: gas, liquid 
and charcoal. 

The explanation of this result can be found in literature 
[1,10]. It is reported that the reactions of thermal cracking, 
decarboxylation and depolymerization are favored by the rise of 
temperature and consequently highly increase the gas pro¬ 
duced percentage. It can thus be concluded that low tempera¬ 
tures support the production of charcoal and liquid while high 
temperatures that of gases. An increase in temperature leads to 
the transformation of volatile and organic matters and other 
hydrocarbons in gas [9]. 

The previous analyses do not concern the experiment 
carried out for 20 kg/h: its result is put in Table 3 to analyse the 
influence of biomass flow rate (Section 3.2.2). 

3.1.2. Influence of residence time 

From Table 3 the increase of charcoal yield with residence 
time can be seen. When residence time is 15, 30 or 60 min, its 
influence on liquid and gas production is not generally 
remarkable. At 450 °C however an appreciable increase of 
gas production appears when the residence is increased. 

Lots of complex phenomena (thermal and chemical reac¬ 
tions) happen during a pyrolysis process when residence time 
increases. Consequently, it is difficult to get general laws for 
gas and liquid yield, except for charcoal. It is logical to think 
that increasing temperature and residence time promote 
liquid or tar cracking, which increases gas percentage that 
has been produced [7]. Temperature seems to influence this 
temporary variable strongly. More investigations must be 
made to get better results and explanations. 

The increase of charcoal percentage with the rise of 
residence time (except at 450 °C) can be explained by the fact 


Table 3 - Yield of pyrolysis products (wt.%) versus temperature 1 

Temperature (°C) 

10 kg/h-30 

min 

15 kg/h-15 min 

15 kg/h-30 

min 

15 kg/h-60 min 


Char 

Liquid 

Gas 

Char 

Liquid 

Gas 

Char 

Liquid 

Gas 

Char 

Liquid Gas 

450 

31.94 

49.86 

18.21 

35.30 

50.34 

14.36 

30.55 

51.28 

18.17 

32.56 

45.82 21.62 

550 

23.08 

48.67 

28.25 

23.46 

51.63 

24.91 

26.22 

50.56 

23.22 

- 

- 

650 

19.55 

32.70 

47.75 

18.77 

43.80 

37.43 

19.76 

42.32 

37.93 

- 

- 

750 

17.73 

25.78 

56.49 

16.77 

30.38 

52.85 

17.87 

22.91 

59.22 

20.35 

31.73 47.92 

Temperature (°C) 











20 kg/h-30 min 

Char 

450 











32.73 

550 











24.08 

650 











20.85 

750 











18.25 
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Table 4 - Proximate analysis of charcoal on dry basis (wt.%) 

Temperature (°C) 

10 kg/h-30 min 

15 kg/h-15 min 

15 kg/h-30 min 

15 kg/h-60 min 

VM 

FC 

Ash 

VM 

FC 

Ash 

VM 

FC 

Ash 

VM 

FC 

Ash 

450 

28.5 

70.45 

1.05 

34.70 

64.05 

1.25 

30.07 

68.97 

0.93 

25.20 

73.80 

1.00 

550 

16.73 

81.90 

1.40 

19.45 

79.15 

1.40 

20.15 

78.70 

1.20 

15.10 

83.90 

1.00 

650 

7.40 

91.25 

1.35 

9.60 

88.75 

1.66 

8.10 

90.70 

1.20 

8.20 

90.80 

1.00 

750 

4.50 

94.00 

1.49 

4.55 

93.90 

1.55 

3.85 

94.70 

1.45 

3.10 

95.50 

1.35 

Temperature (°C) 







20 kg/h-30 min 








VM 




FC 




Ash 

450 




36.00 




62.70 




1.34 

550 




18.20 




80.55 




1.23 

650 




9.75 




88.60 




1.46 

750 




4.00 




94.35 




1.67 


that increasing residence time obliges hot charcoal to be 
exposed to pyrolysis vapours for a long time. It should be 
remembered that pyrolysis process is continuous here: so 
fresh biomass enters the reactor and its vapours encounters 
the “old and hot” charcoal previously pyrolysed. The hotter 
the charcoal is, the higher its affinity to absorb the vapours of 
pyrolysis is. Thus, high temperatures combined with great 
residence times in the reactor lead to a heavy charcoal. In the 
same way, a small residence time combined with low 
temperature, also leads to a heavy charcoal because the 
process of pyrolysis does not have sufficient time to proceed. 
Heat transfers are also limited. Consequently, the charcoal 
obtained is full of humidity and VM; its mass percentage is 
also high. The influence of the experimental parameters on 
the composition of the pyroligneous liquids, the production 
and the quality of charcoal as well as the production of gas will 
follow the general study of the pyrolysis products. 

3.2. Pyrolysis charcoal 

3.2.1. Influence of temperature 

For all biomass flow rates (10 kg/h, 15 kg/h, 20 kg/h), residence 
times (15, 30, 60 min) and according to Table 4, an increase of 
temperature leads to a decrease of VM rate and an increase of 
FC rate. 

The rate of ash yield increases slowly between 1 and 1.7 
with the evolution of temperature in general. Thus, in 
experimental conditions, ash fraction increases from 20 to 
30% when temperature varies from 450 to 750 °C. 

Some explanations of the previous observations can be the 
following: the molecules which constitute biomass crack 
when they are submitted to thermal effect, and particularly 
when they are light. It is known that increasing temperature 
strengthens this phenomenon and can explain the behaviour 
of the rate of VM previously observed. So the decrease of VM 
with temperature leads to an increase of FC rate and thus the 
production of first rate charcoal. 

When temperature reaches 650 °C and 750 °C, the charcoal 
obtained has greater quality (rate of FC >90%) according to French 
specifications (AFNOR, 1984) [3] and can be used in metallurgical, 
chemical, pharmaceutical and food industries [8,9]. 

It should be noted that, the charcoal quantity produced 
decreases when pyrolysis process temperature rises (Table 3): so 


the quality and quantity of charcoal move in reverse direction 
with temperature (Tables 3 and 4). The decrease of charcoal 
yield is due to the fact that increasing temperature improves 
charcoal quality by reducing its mass and VM, but increases FC. 

The results obtained here show the remarkable influence 
of temperature on the quality and the quantity of charcoal in 
pyrolysis process. They also comply with those obtained by 
other researchers [1,6,8,9] although the raw materials are not 
always the same. 

3.2.2. Influence of biomass flow rate 

For this study (Tables 3 and 4), residence time is fixed and the 
biomass flow rates are 10 kg/h, 15 kg/h and 20 kg/h. The 
quality and the quantity of the charcoal are analysed for the 
following temperatures: 450 °C, 550 °C, 650 °C and 750 °C. 

Generally, for most temperatures (except at 450 °C) and for a 
fixed residence time of 30 min, the charcoal yield for 10 kg/h, is 
lower than that obtained at 15 kg/h and 20 kg/h (Table 3). This 
phenomenon can be explained by the fact that with a low 
biomass flow rate, heat exchanges and transfers in biomass are 
better. So water and VM contained in the raw biomass are easily 
ejected. The consequences of this fact are: the reduction of VM’s 
rate, the decrease of the charcoal efficiency, and the increase of 
FC’s rate with the decrease of biomass flow rate (Table 4). 

Hence, it can be concluded that charcoal quality for low 
biomass flow rate (10 kg/h) is generally better than the one 
obtained at high flow rates. 


Influence of residence time on charcoal production 



15kg/h- 15kg/h- 15kg/h- 15kg/h- 
450°C 550°C 650°C 750°C 


□ 15min 

□ 30min 

□ 60min 


Wood chips flow rate-temperature 


Fig. 3 - Influence of residence time on charcoal production at 
fixed biomass flow rate: 15 kg/h. 
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Fig. 4-Concentration profiles of gases produced at different biomass flow rates and temperatures for a fixed residence times. 
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It is remarkable that at 750 °C, varying biomass flow rate 
causes weak differences on the charcoal parameters studied 
(MV, FC, ashes, pyrolysis efficiency). 

3.2.3. Influence of residence time 

For this study, biomass flow rate is fixed to 15 kg/h. The 
analysis of the result is made for three residence times: 15, 30 
and 60 min at different temperatures (Table 4). 

At higher temperatures (650 °C and 750 °C), the yield of 
charcoal increases when residence time goes up (Table 3); it is 
the contrary at 450 °C. This phenomenon can be explained by 
the fact that staying for a long time in the reactor and at high 
temperatures, increases charcoal’s affinity to absorb vapours 
caused by pyrolysis process and the drying of fresh biomass. 

This reaction depends strongly on the level of temperature: 
so this fact is not observed at low temperatures (450 °C and 
550 °C) for the same residence times. It is noticed that charcoal 
rates at 650 °C and 750 °C are lower than those obtained at 
450 °C and 550 °C. At this last temperature (550 °C), residence 
time effects are difficult to be appreciated (Fig. 3). All these 
results show that increasing residence time leads to the 
improvement of the quality of the charcoal: VM decreases 
while FC’s rate goes up. As matter of fact, high residence time 
improves heat exchanges and the transfers of heat in biomass 
during the pyrolysis process; thus VM and other molecules 
are easily cracked. Consequently, FC rate increases and the 
quality of charcoal is improved. It should be noted that the rate 
of ash yield decreases when residence time evolves but slowly. 

3.3. Pyrolysis gases 

The main gases which appear during the pyrolysis process are 
H 2 , CO, CH 4 , C0 2 and some low molecular weight hydro¬ 
carbons such as ethane (C 2 H 6 ), ethylene (C 2 H 4 ). In some cases 
oxygen (0 2 ) and nitrogen (N 2 ) are also detected and they are 
introduced in Table 9 to show the performances of the 


experimental set-up and the pyrolysis process. These last 
two gases can result from biomass decomposition and/or the 
absorbed air [7] but it should be noted that nitrogen is not used 
as gas carrier for the experiments. 

Fig. 4 shows the concentration profiles of H 2 , CO, CH 4 , C0 2 , 
C 2 H 4 , and C 2 H 6 according to time for different experimental 
conditions: 

- biomass flow rates: 10 and 15 kg/h 

- temperature: 550 °C, 650 °C and 750 °C 

- residence time: 30 and 15 min. 

As it can be seen (Fig. 4), the trend of the curves is similar 
for all experiments. Generally, around 10 min after the 
beginning of the pyrolysis process, the gases reach their 
maximum concentration which remains at the same level 
until the exhaustion of the raw material. CO has the highest 
molar concentration while C 2 H 4 and C 2 H 6 the lowest, inde¬ 
pendently of the experimental conditions; but that of H 2 , C0 2 
or CH 4 depends on them. 

3.3.1. Influence of temperature 

For all biomass flow rates and residence times, the rate of H 2 , CO, 
CH 4 , C0 2 , C 2 H 4 or C 2 H 6 increases with the rise of temperature as 
shown in Table 5. 

Under the experimental conditions, the highest tem¬ 
peratures lead to high gas rates. Consequently, the gas 
production also evolves in the same direction as the 
temperature. 

The main explanation is due to the thermal cracking of 
all molecules contained in the biomass. It is known that 
this phenomenon is strongly influenced by the rise of 
temperature during the pyrolysis process [1,7]: so that the 
higher the temperature, the higher the production of each 
component of the pyrolysis gas is. The classification in 
decreasing order is: CO, H 2 , C0 2 , CH 4 and C 2 H 6 according to 


Table 5 - Gas production (kg of gas/kg of pine wood chips) 

*10?: temperature effect 






Temperature (°C) 



10 kg/h-30 min 






15 kg/h-15 min 




H 2 

CO 

ch 4 

C0 2 

c 2 h 4 c 2 h 6 

0 2 

n 2 

h 2 

CO 

ch 4 

C0 2 

c 2 h 4 

c 2 fi 6 0 2 

n 2 

450 

0.31 
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7.15 
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0.90 1.39 

0.00 

35.30 

0.64 

61.90 

21.62 

43.63 

0.93 

1.41 0.00 

13.20 

550 

1.93 

115.41 

20.15 

96.12 

2.85 4.68 

0.52 

41.33 

1.45 

101.45 

91.84 

17.08 

2.63 

3.44 0.00 

31.44 

650 

7.32 

203.27 

43.07 

132.15 

9.32 10.38 

0.00 

72.46 

5.08 

181.96 

33.34 

109.75 

7.11 

7.09 0.00 

30.33 

750 

14.07 

245.33 

62.51 

172.09 

13.31 6.58 

0.00 

51.10 

9.56 

275.22 

53.38 

138.85 

15.26 

6.55 0.00 

29.85 
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0.97 


0.00 
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0.00 
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5.80 
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7.00 
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0.00 
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0.00 
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0.40 
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0.00 
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92.97 

16.79 

- 

- 

- 


- 


- 

- 

- 

- 
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5.80 173.62 

36.05 

- 

- 

- 


- 


- 

- 

- 

- 

750 

12.69 280.30 

62.78 

13.36 

207.11 58.09 

168.79 

12.12 

6.59 

0.00 

13.27 
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Fig. 5-Residence time effect on gases concentration produced at different temperatures for a biomass flow rate of 15 kg/h. 
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the molar flows deduced from Table 5 (this classification is 
different when the flow of gaseous as kg/kg pinewood is 
considered as in Table 5). The reactions of decarboxylation, 
depolymerization and thermal cracking are strongly 
favored by the rise of temperature. Each type of these 
reactions supports the production of a kind of gas. Thus 
hydrogen and methane are formed starting from the 
reactions of depolymerization and the cracking of the VM 
whereas CO and C0 2 come from the reactions of decarbox¬ 
ylation and depolymerization [1,10]. 

3.3.2. Influence of residence time 

For this study, the biomass flow rate is fixed to 15 kg/h. At a 
given temperature, the concentration of the pyrolysis gas 
versus the residence time is studied. The gas yield variation 
with residence time at 550 °C, 650 °C and 750 °C, is more 
remarkable than at 450 °C when it seems random. Hence all 
the analysis will be focused on the first three temperatures 
(Fig- 5). 

The increase of residence time generally leads to the 
increase of H 2 , CH 4 , C0 2 and the decrease of CO; while C 2 H 4 
and C 2 H 6 are very weakly influenced. The highest concen¬ 
tration of H 2 , CH 4 or C0 2 is obtained at 60 min whereas this 
residence time corresponds to the weakest CO concentra¬ 
tion. These phenomena are very marked at 650 °C and 
750 °C. 

When the residence time of the charcoal in the pyrolysis 
reactor increases, the reactions of cracking, depolymeriza¬ 
tion and decarboxylation have enough time to be carried out. 
Thus, the productions of the more share of gases increases. 
But CO reduction can be due to secondary reactions such as 
[ 11 ]: 

methanation reaction : CO + 3H 2 —>CH 4 + H 2 0 (1) 

water-gas shift reaction (a gasification reaction) : CO + H 2 0—>C0 2 + H 2 . 

(2) 

It can be supposed that the reactions of the cracking of tars 
and the gasification of the carbon by the steam are supported by 
long residence times. Thus the following reactions of gasifica¬ 
tion can appear: 


water gas : primary 

C + H 2 O^CO + h 2 

(3) 

: secondaiy 

C + 2H 2 0—>C0 2 + 2H 2 

(4) 

hydro gasification : 

C + 2H 2 —>CH4 

(5) 

water-gas shift: 

CO + H 2 0^C0 2 + h 2 

(6) 

steam — reforming : 

CH 4 + H 2 O^CO + 3H 2 . 

(7) 


The rise of the temperature improves these reactions: that 
confirms the experimental results obtained at 650 °C and 
750 °C. 

3.4. Pyrolysis liquid 

Table 6 gives the composition of the pyrolysis liquid according 
to temperature for a fixed biomass flow rate (15 kg/h) and a 
residence time of 30 min. The major liquid products identified 


in the pyrolysis liquid are, put aside the water, acetic acid, 
methanol, acetaldehyde, pentanal, furfural, phenol, cresol(0, 
M,P), benzene, toluene, naphthalene, and catechol. Small 
quantities of other components are also formed such as 
levoglucosan, acenaphthene, fluoren, maltol, butandion, 2- 
methylcyclopenten-l-one, 2-hydroxy-l-methyl-l-cyclopen- 
ten 3-one... (see Table 6 for the complete list). As shown in 
Table 6, liquid composition depends strongly on temperature. 
For example at 450 °C and 550 °C the main components are: 
levoglucosan, acetic acid, methanol, pentanal, furfural, cate¬ 
chol... but for 650 °C and 750 °C, they are: acetone, 2-3 
butandion, pentanal, methanol, phenol, benzene, toluene, 
indene... The highest experimental temperature 750 °C has a 
special composition: after the light compounds like acetone, 2- 
3 butandion, methanol, phenol...; the stable and heavy 
molecules such as: benzene, toluene, naphthalene, and indene 
appear. Considering the family of tars, it is remarkable that 
light compounds like furfurals, sugar, methoxyphenols and 
phenolics are in the majority at low temperature (450 or 550 °C). 
They belong to the primary class or the secondary class of tars 
according to Milne et al.’s tars classification [13]. 

When temperature rises, the tars which belong to the family 
of nitrogen, benzene and aromatics, that is, secondary and 
tertiary tars compounds [13], become more and more important 
in spite of the presence of the other families tars and their small 
quantity. 

The rise of the temperature destroys the unstable mole¬ 
cules whereas it supports the formation of the stable 
molecules. This phenomenon is much accentuated at the 
high temperatures (here 750 °C) although one observes the 
presence of some primary or secondary tars. This behav¬ 
iour could be due to the cracking of liquid phase with 
increasing temperature [7]. The complexity of the reactions 
of decomposition and recombination of some molecules 
under the effect of the heat would also be at the base of this 
paradox. 

These experimental results comply with those of some 
researchers. Morf et al. [11] reported that, according to 
Egsgaard and Larsen [15], guaiacol (primary tar class) is the 
important precursor of the formation of aromatic aldehydes 
(secondary tar compounds) while phenolics (secondary tar 
compounds) derive from the compounds of PAH. PAH 
compounds, particularly naphthalene, are tertiary tar com¬ 
pounds. According to some authors [16], benzene which is the 
precursor of PAH formation, decomposes by forming acet¬ 
ylene, when the reactions evolve. 

All these examples show why during the analysis of the 
pyrolysis oils, some compounds appear while others disap¬ 
pear under temperature or residence time effects (Table 6). 

It should be noted that phenolics are suspected to 
cause corrosion in IC engines [17] while benzene and other 
PAH compounds are known as highly cancerogeneous 
substances [11]. The conclusion of this study on the liquid 
of pyrolysis is as follows. The low temperatures of 
pyrolysis lead to a great quantity of liquids (Section 3.1) 
with light tars while the high temperatures reduce its 
production and support the heavy and stable tars which 
are difficult to be destroyed in the biogas and constitute 
the main brake of the use of the green gas in engines and/ 
or fuel cells [14]. 
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Table 6 - Pyrolysis liquid composition (experimental conditions: biomass flow rate = 15 kg/h-residence time = 30mn) 


Family 

Tar’s class 
[12] 

Compound (mg/g) 

450 °C/ 

30 min 

550 °C/ 

30 min 

650 °c/ 

30 min 

750 °C/ 

30 min 

750 °C/ 
60 min 

Light compound 


Acetic acid 

16.72 

15.71 

6.78 



Light compound 


Acetol 



8.03 



Light compound 

1 

Acetaldehyde 

2.21 

7.12 

16.77 



Light compound 


Methanol 

12.44 

11.30 


13.27 

10.07 

Light compound 


Pentanal 

9.03 

12.65 

12.31 



Light compound 


2-3-Butandion 



13.17 

15.75 


Light compound 


Acetone 

2.51 

6.54 

19.49 

45.21 

17.99 

Furfurals 

1 

Furfural 

7.96 

6.40 

4.95 



Furfurals 


2-Methylcyclopenten-l- one 

1.20 

1.33 

1.41 



Furfurals 


2-Hydroxy-l-methyl-l- 

3.00 

1.19 






cyclopenten-3-one 






Furfurals 


3-Methyl-2-cyclopentenone 

0.66 

0.64 




Furfurals 


Furfurylic alcohol 


0.56 

2.34 



Furfurals 


5 -Methyl- 2 - furfuraldehyde 

2.03 

1.39 




Furfurals 


2-Acethylfuran 

0.75 

0.76 

0.40 



Sugar 

1 

Levoglucosan 

33.57 

34.46 




Methoxyphenols 

1 

Guaiacol 

4.35 





Methoxyphenols 


Eugenol 

0.89 





Methoxyphenols 


4-Methyl Guaiacol 

6.74 





Methoxyphenols 

1 

Isoeugenol trans 

2.78 





Methoxyphenols 


Vaniline 

2.00 





Phenolics 

2 

Phenol 

0.75 

2.51 

8.12 

12.81 

11.98 

Phenolics 

2 

P-Cresol 

0.71 

1.19 

2.38 

0.75 

1.14 

Phenolics 

2 

M-Cresol 

0.64 

1.89 

3.46 

3.41 

3.48 

Phenolics 

2 

O-Cresol 

1.00 

2.26 

4.56 

2.58 

2.88 

Phenolics 


2-4 Dimethylphenol 

0.87 

2.25 

3.04 


0.82 

Phenolics 


3,4-Dimethylphenol 

0.67 

1.00 

0.87 



Phenolics 


Maltol 

1.24 

2.12 

1.49 



Nitrogen 


3-Picolin 



1.76 

1.44 


Benzene 

3 

O-Xylen 

0.27 





Benzene 

4 

Benzene 


0.80 

7.67 

52.67 

36.96 

Benzene 

3 

Toluene 


2.10 

7.58 

25.10 

18.75 

Benzene 

3 

Indene 

1.05 

0.79 

1.55 

7.24 

5.62 

Benzene 


Catechol 

3.79 

6.15 

3.23 



Aromatics 

3 

Fluoren 




1.02 

1.02 

Aromatics 

4 

Phenantren 




1.83 


Aromatics 


Acenaphthene 




0.38 

0.53 

Aromatics 

4 

Naphthalene 



0.90 

9.37 

7.20 



Total organics (mg/g) 

119.82 

123.10 

132.25 

192.82 

118.44 



Total organics (%) 

11.98 

12.31 

13.22 

19.28 

11.84 



Water (%) 

51.00 

51.83 

65.14 

86.9 

81.52 



Total (%) 

62.98 

64.14 

78.36 

106.18 

93.36 


Influence of temperature and residence time. 


3.5. Pyrolysis products: energy evaluation 

To study the energetic aspect of the products of pyrolysis, the 
results obtained for a flow of biomass of 15 kg/h and a residence 


time of 30 min which seem to be the optimum operating 
conditions of the pyrolysor, are analysed. The pyrolysis oils are 
composed of many chemicals which are likely (or already) to be 
used in chemical industry but their field of application can also 


Table 7 - Heating values of charcoal and gases versus 

temperature (biomass flow rate: 15 kg/h, residence time: 30 min) 

Temperature 

(°C) 

Proximate analysis of 
charcoal (wt.%) 

HHV charcoal 

HHV gases 

HHV charcoal + gases 

VM (%) FC (%) 

Ashes 

(%) 

MJ/kg 

charcoal 

MJ/kg pine wood 

MJ/ 

Nm 3 

MJ/kg pine wood Total MJ/kg pine wood 

450 

30.07 68.97 

0.93 

29.11 

8.89 

7.38 

0.74 

9.63 

550 

20.15 78.70 

1.20 

30.46 

7.99 

12.36 

2.36 

10.35 

650 

8.10 90.70 

1.20 

33.64 

6.65 

14.43 

5.31 

11.96 

750 

3.85 94.70 

1.45 

32.58 

5.82 

15.87 

9.30 

15.12 

HHV: high heating value. 
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Table 8 - Heating values of Cynara cardunculus L. versus temperature obtained by Encinar et al. [1] 


Temperature 

(°C) 

Proximate analysis of 
charcoal (wt.%) 

HV* charcoal 


HV* gases 

HV* charcoal + gases 

VM (%) 

FC (%) 

Ashes 

(%) 

MJ/kg of 
charcoal 

MJ/kg of 
Cynara 

MJ/ 

Nm 3 

MJ/kg of 
Cynara 

Total (MJ/kg of 
Cynara) 

300 

49.33 

41.69 

8.98 

17.4 

7.08 

6.49 

0.66 

7.74 

400 

25.50 

60.39 

14.12 

26.3 

6.65 

6.91 

0.80 

7.45 

500 

19.65 

65.15 

15.20 

28.6 

6.53 

8.21 

1.08 

7.61 

600 

15.46 

68.37 

16.16 

30.1 

6.20 

11.1 

2.15 

8.35 

700 

12.45 

71.08 

16.47 

31.4 

5.95 

12.57 

3.79 

9.74 

800 

9.46 

72.38 

18.16 

32.0 

6.00 

12.71 

4.33 

10.33 


extend from the production of liquid or gaseous fuels to synthesis 
gases. It is a field in full exploration! Also the analyses will 
primarily be focused primarily on the charcoal and gases of 
pyrolysis for which the calorific values were calculated. In Table 7, 
the calorific value of gases increases with temperature in 
accordance with the production of the various gases which 
make it up: H 2 , CO, CH 4 , C 2 H 4 , and C 2 H 6 . The production of these 
gases evolves in the same direction as the temperature. The gas 
obtained can be classified as a gas with average calorific value 
since its high calorific value varies from 7 to 16 MJ/Nm 3 [18]: that is 
extremely appreciable for a normal pyrolysis of biomass without 
gasification in due form. As already shown in Section 3.2.1, the FC 
rate increases with temperature and thus will result in an 
increase in the calorific value of charcoal as illustrated in 
Table 7. On the other hand this calorific value decreases with 
temperature when it is brought back to the kilogram of biomass 
(maritime pine) because of the fall of the output of pyrolysis. This 
output evolves in the opposite direction of the temperature just as 
the production of the charcoal. It should be noted that the sum of 
the calorific values of gas and charcoal per unit of biomass is an 
increasing function of the temperature: that results from the 
previous explanations. 

According to French standards: NF B 55-101, 1984 [3], a 
house charcoal having a minimal content of FC of (82 ±2) % 
mass is a class A one. As for the class B charcoal, it has (75 ± 2) 
% of FC. This standard thus makes it possible to classify the 
charcoals produced at 650 °C and 750 °C in class A and those 
produced at 450 °C and 550 °C in class B although those 
produced at 550 °C can belong to class A or B. 


Antal et al. [8] bind the quality and the use of a charcoal to 
its rates of VM and ashes. According to these researchers, a 
charcoal having a rate of VM which varies between 20 and 30% 
(even more 40%) can be used for domestic cooking whereas the 
charcoals intended for metallurgical industry must have a rate 
of VM from 10 to 15% (or less). Still according to these authors, a 
good charcoal has a rate of ashes which typically varies 
between 0.5 and 5%; its calorific value ranges between 28 and 
33 MJ/kg. It thus clearly appears that the charcoals produced 
between 450 °C and 550 °C can be intended for domestic uses 
and those of 650 °C and 750 °C to industrial uses; however all 
these charcoals would be of good quality as for the ash content 
and the heating value. 

These results show that the experimental device, although 
in a pilot state, is well dimensioned and makes it possible to 
obtain products whose qualities are comparable (and some¬ 
times of better quality) with those produced on a small scale in 
laboratories [1,9]. Thus in Tables 8 and 9, the results obtained 
by other researchers at laboratory scale on Cynara cardunculus 
L. which is a Mediterranean seedling [1] like the maritime pine 
studied in this paper, and also on the bagasses of olive and 
grape [9] are given on a comparative basis. It can be seen that 
Cynara and maritime pine have the same behaviour according 
to temperature but P. pinaster heating values are generally 
higher than those of Cynara. The main difference between the 
previous biomasses and bagasses stays at the level of the sum 
of calorific values (charcoal and gases): that of the maritime 
seedlings increases with the temperature whereas that of the 
bagasses evolves in contrary direction. 


Table 9 

- Heating values of olive and grape bagasse 

versus temperature obtained by Encinar et al. [9] 




Olive bagasse 



Grape bagasse 



HV* charcoal 

HV* gases 

HV* charcoal + 

HV* 

charcoal 

HV* gases 

HV* charcoal + 





gases 




gases 

Temperature MJ/kg 
(°C) charcoal 

MJ/kg olive 
bagasse 

MJ/kg olive 
bagasse 

Total MJ/kg 
olive bagasse 

MJ/kg 

charcoal 

MJ/kg grape 
bagasse 

MJ/kg grape 
bagasse 

Total MJ/kg 
grape bagasse 

300 

23.21 

18.11 

0.05 

18.16 

24.73 

20.36 

0.04 

20.40 

400 

25.92 

12.83 

0.21 

13.04 

29.49 

16.87 

0.16 

17.03 

500 

28.08 

10.14 

0.35 

10.49 

30.31 

13.43 

0.34 

13.77 

600 

31.18 

10.01 

0.79 

10.80 

30.76 

12.46 

0.63 

13.09 

700 

31.71 

9.96 

1.17 

11.13 

30.05 

10.88 

1.17 

12.05 

800 

31.87 

9.69 

1.59 

11.28 

32.27 

10.94 

1.69 

12.63 

900 

32.72 

9.49 

1.78 

11.27 

33.27 

10.78 

1.95 

12.73 

HV: heating value. 

HV*: high or low heating value not specified. 
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♦ 550°C 


■ 650°C 


▲ 750°C 


Linear 

(550°C) 

— Linear 

(650°C) 

Linear 

(750°C) 


ln(K)=f(1/T) 



Fig. 6 - Determination of the kinetic constants K: curve In (f) =/(ts): 
Graphically one gets: Y 550 ° c =- 4E- 06ts -0.2634 R 2 =0.9699, 

Y 650 °g=- IE- 05ts - 0.1957 R 2 =0.9968, Y 750 o C =-2E-05ts-0.1687 
R 2 =0.9984. 


3.6. Kinetic study of charcoal generation 

The classical equation below is often used for the kinetic 
interpretation of the thermal decomposition of wood and its 
components [19]: 

(dp/dt) = -K(p - pc) n (8) 

K = Ko*Exp(—E/RT). 

R. Capart [19] quotingFairbridge et al. [20] and Hajaligol et al. 
[21], gives another equation of the kinetics of decomposition in 
the form of an equation of Avrami-Erofeev type applicable to 
materials whose porosity changes during the reaction: 

ln(l - a) n =-k-1. (9) 

The experimental data allow, by a judicious exploitation of 
Eq. (8), the determination of a, the order n; the pre-exponential 
factor Ko, the energy of activation E, and the kinetic constant K 
which follows the law of Arrhenius. 

The order n, in the majority of works, has a value ranging 
between zero and one (Table 11). 

K, Ko, E and n starting from experimental results, will be 
determined by assuming that pyrolysis process is a first-order 
reaction. 

This work will be focused on the mass loss of the biomass 
according to the temperature (T) and the residence time (ts) 
during the pyrolysis process. 

Let f be the fraction of maritime pine not converted to 
charcoal at time ts 

f(T) = 1 - m(T, ts)/m(T, 0). (10) 

The loss of mass is expressed by the law of first order: 
dm(T,t)/dt= —K-m(T,t). (11) 

Eqs. (8) and (10) gives K-m = m 0 (d//dt) which gives: 

In(//fo) = -K-ts (12) 

with fo =/(T, 0). 


Table 10 - Values of kinetic constants K 

Temperature (°C) 

K (s- 1 ) 

R 2 : correlation coefficients 

550 

4-10 -6 

0.9699 

650 

10“ 5 

0.9968 

750 

2-10“ 5 

0.9984 


Fig. 7 - Determination of the energy of activation and the 
exponential pre-factor: curve, In (K)=/(l/T): Graphically one 
gets: Y=-6782.5(l/T)-4.1807 R 2 = 0.9997. 


Another expression of Eq. (11) is the following: 

In[(m(T, 0) - m(T, ts))/m(T, 0)] = -K • ts. (13) 

Eqs. (12) or (13) shows that the curve [In (/)=/ (ts)] is a 
straight line whose slope is (-K). 

The preceding equations make it possible to determine the 
energy of activation E and the pre-exponential factor Ko starting 
from the experimental results obtained for a biomass flow (m 0 ) 
of 15 kg/h, the outgoing flow (m) being that of charcoal. 

Curves of Fig. 6 are lines whose slopes make it possible to 
determine the kinetic constants K (Table 10). From K=Ko-Exp 
(-E/RT) one gets In (K)=ln (Ko)-E/(RT). 

The curve In (K)=/(l/T) is represented on Fig. 7. 

One gets: In (K) = -6782.5 (1/T)-4.1807 with a very good 
coefficient of correlation R 2 = 0.9997. The deduction gives: 

- E/R = 6782.5 K from where E = 56.36 KJ/mol 

- the pre-exponential factor Ko = 15.29-lCT 3 s -1 . 

The value of the energy of activation is very close to the 
value 60.73 kj/mol found by Fofana [22] for temperature 
varying from 550 °C to 800 °C. On the other hand the pre¬ 
exponential factor diverges; he finds 16.84 s -1 for wood and its 
experimental device was a pyrolysor with a vibrating bed [22]. 
These divergences can be explained by the operating condi¬ 
tions and the size of the particles because these kinetic factors 
strongly depend on the experimental techniques (T.G.A or 
other devices used) and vary enormously in the literature 
[19,23]. It should be noted that, in spite of a high flow of 
biomass (15 kg/h), the results obtained with this experimental 
set-up are in agreement with those met in the literature where 
the experimental flows are very low (less or around 1 kg/h) and 
where the mass of the samples is weak (a few grams) while the 
experimental technique usually used is TGA [1,19]. In this 
study, the results obtained with very good coefficients of cor¬ 
relation; show that the reaction of pyrolysis follows a law of 
Arrhenius of first order. 

In Table 11, some values of Ko, E, n recorded in the 
literature are gathered. They illustrate the variation of these 
constants according to the experimental techniques and the 
range of the temperatures used. 


4. Conclusions 

The pyrolysis of maritime pine wood (P. pinaster delivered 
from Ardeche (France)) was carried out on a new two-stage 
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gasifier recently installed on CIRAD facilities in Montpellier. 
The pyrolysis of this biomass leads to solid, liquid and gaseous 
phases whose production strongly depends on temperature 
but also on residence time and weakly on the biomass flow 
rate in the experimental conditions. 

The characteristics of the charcoal (solid phase) estab¬ 
lished by proximate analysis and the ratio of the charcoal to 
the raw biomass vary in the following way: 

- an increase in temperature reduces charcoal yield and that of 
VM, but increases FC rate. Ashes rate varies very slowly with 
temperature according to the experimental parameters 
studied. 

- quality and quantity of charcoal evolve in contrary direc¬ 
tion with temperature. Temperature effect on charcoal 
production is more remarkable than those of biomass flow 
rate and residence time. 


On the other hand, increasing residence time, improves 
charcoal quality by increasing FC, reducing VM whereas ashes 
rate variation is slightly appreciable. 

The pyrolysis useful gases obtained are H 2 , CO, CH 4 , C0 2 , 
C 2 H 4 and C 2 H 6 whose production increases with the rise of 
temperature. 

Increasing residence time leads to the increase of H 2 , CH 4 , C0 2 
and the decrease of CO, while C 2 H 2 and C 2 H 6 vary very slightly. 
These results can be explained by the appearance of some 
reactions such as the methanation and the gasification of the 
carbon whose importance increases with the rise of temperature. 

The liquid phase contains a lot of components which belong 
to different families of tars. 

Low temperatures (450 °C and 550 °C) promote the 
production of primary and secondary tar classes like furfurals, 
sugar, methoxyphenols and phenolics. On the other hand, the 
high temperatures (650 °C and 750 °C) promote the production 
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of heavy and stable molecules (classes three and four) which 
belong to benzene and aromatics families such as benzene, 
toluene, naphthalene. 

Increasing residence time promotes the cracking of tars. 

Low pyrolysis temperatures lead to a great quantity of 
liquids while high temperatures reduce their production. 

The energy evaluation on pyrolysis charcoal and gases 
shows that the high heating value of gases increases with 
the rise of temperature but for charcoal its highest value: 
33.64 MJ/kg is obtained at 650 °C and decreases after. 

The sum of the higher calorific values of charcoal and the 
gas (charcoal + gas) increases with the increase of the tem¬ 
perature. The gas obtained in the pyrolysis conditions is 
comparable to gases with average calorific value since its high 
calorific values vary from 7 to 16 MJ/Nm 1 2 3 . 

According to French standards, charcoal obtained at 
higher temperatures belongs to class A and it can be used 
for industrial applications. 

The kinetics of charcoal generation during the pyrolysis 
process is a first-order reaction according to the experimental 
conditions: so activation energy calculated is 56.36 kj/mol and 
the pre-exponential factor is 15.29-10“ 3 s -1 . 

The convenient experimental conditions to obtain the 
most favorable pyrolysis of Pinus pinaster from Ardeche from 
an energetic point of view should be: 

- temperature between 650 °C and 750 °C 

- residence time: 30 min 

- biomass flow rate: 10 or 15 kg/h. 

In these conditions, charcoal produced has a higher heating 
value of about 33 MJ/kg and a rate of FC more than 90% which 
allows its use in industrial applications. Liquids and gases 
generated have an acceptable yield and the higher heating 
value of gases is approximately 15 MJ/Nm 3 which allows 
classifying them among the gases with average calorific value. 
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